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The vascular endothelial growth factor trap aflibercept induces
vascular dysfunction and hypertension via attenuation of

eNOS/NO signaling in mice

Zhi-chao Dong"?, Ming-ming Wu', Yun-long Zhang? Qiu-shi Wang', Chen Liang’, Xiao Yan?, Lei-xin Zou?, Chen Chen?, Xiao Han?,

Bo Zhang? and Zhi-ren Zhang'

Aflibercept, as a soluble decoy vascular endothelial growth factor receptor, Which has been used as a first-line monotherapy for
cancers. Aflibercept often causes cardiovascular toxicities including hypertension, but the mechanisms underlying aflibercept-
induced hypertension remain unknown. In this study we investigated the effect of short-term and long-term administration of
aflibercept on blood pressure (BP), vascular function, NO bioavailability, oxidative stress and endothelin 1 (ET-1) in mice and
cultured endothelial cells. We showed that injection of a single-dose of aflibercept (18.2, 36.4 mg/kg, iv) rapidly and dose-
dependently elevated BP in mice. Aflibercept treatment markedly impaired endothelial-dependent relaxation (EDR) and resulted in
NADPH oxidases 1 (NOX1)- and NADPH oxidases 4 (NOX4)-mediated generation of ROS, decreased the activation of protein kinase
B (Akt) and endothelial nitric oxide synthase (eNOS) concurrently with a reduction in nitric oxide (NO) production and elevation of
ET-1 levels in mouse aortas; these effects were greatly attenuated by supplementation of L-arginine (L-arg, 0.5 or 1.0 g/kg, bid, ig)
before aflibercept injection. Similar results were observed in L-arg-pretreated cultured endothelial cells, showing markedly
decreased ROS accumulation and AKT/eNOS/NO signaling impairment induced by aflibercept. In order to assess the effects of long-
term aflibercept on hypertension and to evaluate the beneficial effects of L-arg supplementation, we administered these two drugs
to WT mice for up to 14 days (at an interval of two days). Long-term administration of aflibercept resulted in a sustained increase in
BP and a severely impaired EDR, which are associated with NOX1/NOX4-mediated production of ROS, increase in ET-1, inhibition of
AKT/eNOS/NO signaling and a decreased expression of cationic amino acid transporter (CAT-1). The effects caused by long-term
administration were greatly attenuated by L-arg supplementation in a dose-dependent manner. We conclude that aflibercept leads
to vascular dysfunction and hypertension by inhibiting CAT-1/AKT/eNOS/NO signaling, increasing ET-1, and activating NOX1/NOX4-
mediated oxidative stress, which can be suppressed by supplementation of L-arg. Therefore, L-arg could be a potential therapeutic

agent for aflibercept-induced hypertension.
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INTRODUCTION

Angiogenesis plays a critical role in tumor growth and the
development of metastasis. Vascular endothelial growth factor
(VEGF) and its receptors (VEGFRs) are important inducers of these
processes. There are two major tyrosine kinase receptors for VEGF
signals, namely, VEGFR1 (Flt-1) and VEGFR2 (Flk-1) [1]. Upon
stimulation by VEGF, VEGFR1 and VEGFR2 are activated, initiating
a tyrosine kinase signaling cascade that promotes cell survival,
proliferation, migration, and differentiation into mature blood
vessels during the development of cancer. Thus, the use
of VEGF-VEGFR inhibitors (VEGFIs) could be a promising strategy
for the treatment and management of various cancers. Indeed,
VEGFIs are now considered first-line monotherapies for some

types of cancers. One such VEGFI is aflibercept, a soluble decoy
VEGFR constructed by fusing the Ig domains of VEGFR1 and
VEGFR2 with the Fc region of human IgG1. It strongly binds to
VEGF and placental growth factor thereby blocking activation of
the cognate VEGFR1/2 [2, 3], which is an established treatment for
several tumor types.

Unfortunately, clinical studies have revealed that VEGFIs are
associated with cardiovascular toxicity, especially hypertension [4].
Preexisting hypertension, smoking, older age (>65 years), and excess
weight are important risk factors for the development of VEGFI-
induced hypertension [5]. Several mechanisms have been proposed,
including vascular remodeling, endothelial dysfunction, renal injury,
activation of the renin-angiotensin system, and capillary rarefaction
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[6, 7]. Moreover, endothelial nitric oxide synthase (eNOS)/nitric oxide
(NO) signaling, oxidative stress, and endothelin 1 (ET-1) are also
involved in the development of hypertension during antiangiogenic
therapy [8]. It has been reported that 424% and 17.4% of
aflibercept-treated patients develop hypertension and hypertensive
crisis, respectively [9, 10]. However, the mechanism involved in
aflibercept-induced hypertension remains unknown.

In this study, we investigated the effect of short-term and long-
term administration of aflibercept on blood pressure (BP), vascular
function, NO bioavailability, oxidative stress and ET-1 in mice and
cultured endothelial cells. We also evaluated the beneficial effect
of L-arginine (L-arg) supplementation on aflibercept-induced
adverse effects. Our results demonstrated that aflibercept
predominantly inhibited protein kinase B (AKT)/eNOS signaling
and cationic amino acid transporter-1 (CAT-1), which reduced NO
levels, and increased superoxide, and ET-1 production, thereby
leading to impaired vasodilatation and BP elevation. The results
also suggest that L-arg could be a potential therapeutic drug for
treating aflibercept-induced hypertension.

MATERIALS AND METHODS

Animal experiments

Several studies suggest that estrogen affects vascular function and
hypertension [11, 12], and these physiological effects of estrogen
might generate bias to the experimental results [13]. Therefore,
male C57BL/6 mice aged 8-10 weeks were purchased from Vital
River Laboratory Animal Technology Co. Ltd (Beijing, China). All
animal experiment protocols were approved by the Animal Care
and Use Committee of Harbin Medical University. The procedures
conformed to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health.

We purchased aflibercept (Zaltrap, 100 mg/4 mL) from Sanofi
S.A. (Paris, France). The dose of aflibercept was selected based
upon the practice guide for dose conversion between mice and
humans [14]. Since the recommended dose of aflibercept for
patients is 4 mg/kg via intravenous infusion, the calculated optimal
dose of aflibercept is 364 mg/kg for mice. To further confirm
whether the aflibercept-induced increase in BP occurred in a dose-
dependent manner, relatively low dose of aflibercept (18.2 mg/kg)
was also used in our experiments. A single dose of 18.2 mg/kg
or 36.4 mg/kg aflibercept (defined as short-term administration) or
five doses of 18.2 mg/kg or 36.4 mg/kg aflibercept at an interval of
2 days (defined as long-term administration) was inravenously
administered to the mice [15, 16]. Angiotensin Il (Ang Il) was
infused at a dose of 490 ng-kg~' -min~" using osmotic mini-pumps
(Alzet, model 1002; Durect, Cupertino, USA) as a positive control. To
investigate whether L-arg could prevent aflibercept-induced
hypertension, 3 days before administration of aflibercept the mice
were orally gavaged with L-arg (0.5 or 1.0 g/kg) twice daily until the
end of experiments, according to previously reported doses
[17, 18]. To investigate whether L-arg has a therapeutic effect on
aflibercept-induced hypertension, L-arg (1.0 g/kg) was given twice
daily for 7 days after aflibercept injection.

Cell culture

Primary human umbilical vein endothelial cells (HUVECs) were
isolated from freshly obtained human umbilical cords by 0.1%
collagenase and 0.1% trypsin digestion, as described previously
[19], and grown in endothelial cell medium (ScienCell Research
Laboratories, Carlsbad, CA, USA) supplemented with 1% endothe-
lial cell growth factor, 10% fetal bovine, and penicillin/streptomy-
cin (100 U/mL). In all experiments, we used cells between the
fourth and tenth passages in vitro. We treated HUVECs with saline
or aflibercept (50 nM) for 24 h, the concentration of aflibercept
used in HUVEC experiments was based on previous studies
[20, 21]. To investigate whether L-arg could prevent against oxida-
tive stress and decrease in the production of NO induced by
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aflibercept, we preincubated HUVECs with L-arg (0.5 mM) for 6 h,
and then aflibercept (50 nM) for 24 h [15, 22, 23]. Once the cells
reached confluence, the culture medium was removed, and
the cells were washed twice (1 min each) with phosphate buffered
saline solution (PBS), pH 7.4, at 4 °C, lysed with RIPA buffer or PBS
and collected after scraping. The samples were either immediately
analyzed or stored at —80 °C until analysis.

Blood pressure monitoring

BP was measured by a tail-cuff system (SoftronBP-98A; Softron,
Tokyo, Japan) [24], and during the measurement, ten individual
readings were obtained. The highest and lowest readings were
discarded, and the average of the remaining eight readings was
used. A radiotelemetry probe catheter (HD-X100, O.D 0.4 mm,
Data Science International Inc.) was implanted into the aortic arch
via the left carotid artery as previously described [25]. Following
1 week of recovery, the mice, which were housed in individual
cages, were placed above the telemetric receivers with output to a
computer. BP was recorded by scheduled sampling for 10's every
1 min (Dataquest LabPRO Acquisition System version 3.01, Data
Sciences International, St. Paul, MN, USA) [26].

Histopathology

Aortic sections were fixed in formalin, embedded in paraffin,
sectioned (5 um), and stained with hematoxylin and eosin (H&E)
and Masson’s trichrome reagent as described previously [24].
The cryosections were stained with dihydroethidium (DHE, 1 uM in
PBS) for 30 min at 37 °C; and red DHE fluorescence was detected
using a Nikon Labophot 2 microscope (Nikon, Tokyo, Japan).
Digital images were taken at x100 or X200 magnification, and
analyzed by Image-Pro Plus 3.0 (Nikon, Tokyo, Japan).

Functional analysis by myography

Intact aortas were gently isolated from mice, stripped of
adventitial fat under a dissecting microscope, and then cut into
4 mm segments. The aortic rings were gently mounted on force
transducers (DMT, Multi Wire Myography System—620M, Den-
mark), and the organ chambers were filled with Krebs solution (pH
7.2-7.4, containing 120 mM NaCl, 5.5 mM KCl, 2.5 mM CaCl,, 1.2
mM MgCl,6H,0, 1.2mM Na,HPO,, 20 mM NaHCO;, 0.03 mM
EDTA-Na,, and 10 mM glucose) and continuously gassed with a
mixture of 95% O, and 5% CO, at a temperature of 37 °C. Each
ring was stretched to 3 mN and then allowed to equilibrate for 60
min before the experiment was initiated. After the 60 min
stabilization period, KPSS (pH 7.38-7.40, containing 5.248 g NaCl,
4.473 g KCl, 0.244 g MgCl,-6H,0, 0.277 g CaCl,, 2.0 g glucose, and
1.915 g HEPES in 1000 mL H,0) was added to the chambers and
washed out with Krebs solution until producible maximal
contraction was achieved. After stimulation by phenylephrine,
vascular responses to increasing concentrations of acetylcholine
(ACh) (1x10"°M to 1x10 *M) and sodium nitroprusside (SNP)
(1x107?M to 1 x 107> M) were recorded; percent relaxation was
calculated as previously described [26, 27].

Western blot analysis

For Western blot analysis, total proteins were extracted from snap-
frozen aortic tissue or cultured cells by using RIPA buffer and
protease inhibitor cocktail (Thermo Fisher Scientific Co.). Protein
concentrations were determined by the BCA Assay Kit. Equal
amounts of total protein (50 ug) were separated by 8%-10% SDS-
PAGE and transferred to polyvinylidene difluoride (PVDF) membranes
with the Bio-Rad Western blotting system. PVDF membrane (Bio-Rad)
was probed with primary antibodies, including AKT, p-AKT (Ser473),
p-eNOS (Ser1177), eNOS, CAT-1, nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases 1 and 4 (NOX1 and NOX4) (Cell
Signaling Technology and Abcam, 1:800-1:1000 dilution), and
GAPDH (Cell Signaling Technology, 1:3000 dilution) at 4 °C overnight
and then with horseradish peroxidase-conjugated secondary
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antibodies (1:2500) for 1 h at room temperature (22-24 °C). All blots
were developed by using a chemiluminescence system, and signal
intensities were analyzed with a Gel-Pro 4.5 Analyzer (MediaCyber-
netics, USA) as previously described [28]. GAPDH was used as the
internal standard to control for protein quantity.

Biochemical measurements

The levels of ET-1 and NO in the serum and aorta were detected
using ELISA kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The concentrations of renin, Ang ll, aldosterone,
dopamine, noradrenaline in the serum and nitrotyrosine in the
aortas were measured with the ELISA kits (Cloud-Clone Corp,
Wuhan, China). The concentration of L-arg in HUVECs was
measured with an ELISA kit (Abcam, USA). The manufacturer’s
instructions were strictly followed when performing the test and
interpreting the results.

DAF-FM and DHE fluorescence staining

HUVECs were grown on microscope coverslips, and intracellular
NO levels in cells incubated with 5 uM of 3-amino-4-aminomethyl-
2/, 7'-difluorescein (DAF-FM) (Molecular Probes, Thermo Fisher,
USA) were determined according to the method described
previously [29]. Briefly, the treated cells were incubated with 5
mM DAF-FM for 25 min and then washed twice with PBS. The
Fluorescence was observed in fixed cells with a laser confocal
scanning microscope (Olympus, Fluoview 1000, Japan). Excitation
at 488 nm and emission at 510 nm were used.

Dihydroethidium (DHE), was used to measure ROS levels in
HUVECs. The cells were incubated with 5 uM DHE in phenol red-
free medium for 1 h. Fluorescence microscopy was also used to
visualize differences in fluorescence intensities at the end of 1h
of incubation with DHE [30]. The signal density was analyzed by
Image) software (a Java-based imaging processing program,
National Institute of Health, USA). NO and superoxide production
are presented as the fold change in fluorescence signal compared
with that in the control group.

Chemical reagents
Unless otherwise noted, all reagents used in this study were
purchased from Sigma Aldrich.

Statistical analysis

All values are presented as the means + SEMs and were analyzed
with SPSS 22.0. Comparisons were made by one-way ANOVA (S-N-
K and Bonferroni’'s method) or independent t-test as appropriate.
Values of P < 0.05 were considered statistically significant.

RESULTS

Short-term aflibercept treatment increases blood pressure and
impairs vascular function in mice

To investigate the effect of aflibercept on BP, we treated WT mice
with a single dose of aflibercept at 18.2 or 36.4 mg/kg and monitored
BP from days 1 to 4 using both noninvasive tail-cuff measurements
and radio telemetry. The data showed that hypertension was dose-
dependently induced in aflibercept-treated mice compared with
saline-treated control [31] (Fig. 1a). Systolic BP and mean arterial
pressure (MAP) levels rapidly increased on day 1, peaked on day 2,
and then gradually decreased on days 3 and 4 (Fig. 1a and
Supplementary Fig. 1a). Radiotelemetry measurements showed the
same patterns in SBP in mice after high-dose aflibercept adminis-
tration (36.4 mg/kg; Fig. 1b—d). These results therefore indicate that
aflibercept induces an acute increase in BP.

To test whether aflibercept affects vascular relaxation, we
evaluated ex vivo aortic function in WT mice at different times
(day 1, 2, 3, 4) after high-dose aflibercept (36.4 mg/kg) treatment.
Intact aortas were isolated, and the concentration-relaxation
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relationships for ACh or SNP were analyzed. The data showed that
ACh-mediated vasodilatation was markedly impaired by high-dose
aflibercept (36.4 mg/kg) on day 1, this impairment peaked on days
2 and 3, and ACh-mediated vasodilatation was partially recovered
on day 4 (Fig. 1e). However, aflibercept only mildly affected
endothelium-independent vasodilatation in response to the SNP
at all time points (Fig. 1f). Moreover, H&E staining revealed
no aortic wall thickening in high-dose aflibercept (36.4 mg/kg)-
treated mice compared with saline-treated control mice (Fig. 1g).
These results suggest that aflibercept predominantly impairs
endothelium-dependent relaxation (EDR) after short-term afliber-
cept treatment.

Short-term aflibercept treatment results in NOX1/NOX4-mediated
ROS accumulation and attenuates AKT/eNOS/NO signaling in

the mouse aorta

To elucidate the mechanism by which aflibercept elevates BP, we
first examined ROS production, which is known to mediate
the perturbation of vascular tone [32]. Consistent with the changes
in BP patterns (Fig. 1a-d), aflibercept at a high dose (36.4 mg/kg)
significantly increased the levels of ROS and peroxynitrite (ONOO™)
formation in aortas, as reflected by increases in the relative DHE
intensity and nitrotyrosine levels (Fig. 2a, b). Moreover, the protein
expression levels of NOX1 and NOX4 were significantly increased
by application of high-dose aflibercept, in a similar pattern as the
changes in BP (Fig. 2c). We next measured the levels of NO in the
mice treated with aflibercept. After treatment, NO levels in serum
and aortic tissues were significantly reduced on day 1, this
decrease peaked on days 2 and 3, and NO levels were partially
recovered on day 4 (Fig. 2d, e). Moreover, the levels of serum ET-1
were markedly increased in aflibercept-treated mice compared
with saline-treated control at all time points (Fig. 2f).

Aflibercept is known to block the VEGFR/AKT/eNOS signaling
pathway [33]. We then next examined its effect on these signaling
mediators in these pathways. Immunoblotting showed that
aflibercept treatment did not alter the expression levels of VEGFR1
and VEGFR2 (Fig. 2g), but did markedly reduce the phosphoryla-
tion of Akt (Ser473) and eNOS (Ser1177), compared with saline-
treated mice at all time points (Fig. 2h). This effect paralleled with
the change patterns in NO in aflibercept-treated mice (Fig. 2d, e).

L-arg supplementation prevents aflibercept-induced hypertension,
impairment of endothelial-dependent relaxation, ROS
accumulation, and reduction in NO production

We next examined whether L-arg, the substrate of eNOS and the
main precursor of NO, could prevent aflibercept-induced hyperten-
sion. The mice were randomly divided into five groups and were,
respectively, administered by saline (control), L-arg (1.0g-kg™"-d ™),
aflibercept (36.4 mg/kg), and aflibercept plus two different doses
(050r 1.0g-kg™'-d™") of L-arg twice daily. The L-arg administration
started 3 days before applying aflibercept and ended at day 4. While
L-arg had no effect on BP, the aflibercept-induced increase in
systolic BP and MAP were greatly attenuated by 05g-kg '-d™"
L-arg and were completely reversed by 1.0g-kg~'-d~" L-arg (Fig. 3a
and Supplementary Fig. 1b).

We next assessed whether L-arg (1.0g-kg~'-d™") protects
against the high-dose aflibercept-induced reduction in NO
production and impairment of EDR in mice. The data show that
NO levels in the aorta were significantly decreased and that EDR
was severely impaired in the aflibercept-treated group compared
with the saline-treated control group; these effects were markedly
reversed by L-arg supplementation (Fig. 3b, c). Consistently,
neither aflibercept nor L-arg affected endothelium-independent
vasodilatation in response to SNP (Fig. 3d). Moreover, aflibercept-
induced elevation of aortic ROS levels (as indicated by DHE
staining) (Fig. 3e, f) and the increased levels of ET-1 (Fig. 3g) were
reversed by 1.0g-kg '-d ™" L-arg supplementation.

SPRINGER NATURE



Aflibercept induces hypertension

1440

ZC Dong et al.
a © Saline
) i o -
- 57 Aflibercept (18.2 mg/kg) - Baseline
@ 1307 5 Afiibercept (36.4 mg/kg) g
8 ., g 180
. —120 o —
=D = 160
oI & XL
-3 110 4 oS £ 140
= £ < £
L= © = 120
(=] 100 - °
- k7 100
> >
&n 920 . - “» 80 T T —
0 1 2 3 4 Time (day) -3 -2 -1 0 Time (day)
c Aflibercept
i o Aflibercept (36.4 mg/k
g 200 , Aflibercept (18.2 mg/kg) £ 200 pt ( g/kg)
(73
£ 180 8 180
5 S
S 160 > 160
3L b
oS £ 140 S £ 140
S E S E
£~ 120 £ 120
:—g 2 100
3 100 2
@ 80/ : : : @ 80 . ; -
1 2 3 4 Time (day) 1 2 3 4 Time (day)
e
Aflibercept (36.4 mg/kg) 5 Aflibercept (36.4 mg/kg)
— 01 ~ - ’g &
s8 SE 0 < 0day
*E ‘g 201 g % © 1day
Sa ,0 ] D S 40 H 2day
2540 =3
= 8 =] A 3day
Egso. §§- 60 - ¥ 4day
S < 80 =& 801
100 —————— 100 — g
10° 10° 107 10° 10 10+ 10° 10 107 10¢  10°
ACh (mollL) SNP (mol/L)
g Aflibercept (36.4 mg/kg) 1.5
Saline 1 2 3 4Time (day) _ g NS
=] £ i S ®
i P =
E | 25 7y
£ 3 BRI
| $ B S0l
: i SE & S
] f y 4 xS
% 4200 ym =
0.5
*\g& 1 2 3  4Time (day)
<®  Aflibercept (36.4 mg/kg)
Fig. 1 A single dose of aflibercept leads to an acute increase in SBP and impairment of vascular function. a SBP was measured by

the noninvasive tail-cuff method before and after treatment with a single dose of saline or aflibercept (n = 8; *P < 0.05 versus the saline group;
#P <0.05 versus the low-dose aflibercept group). b-d Representative SBP recordings from WT mice 3 days before aflibercept treatment as a
baseline (b) and 1-4 days after infusion of a single dose of aflibercept at 18.4mg/kg (c) or 36.4mg/kg (d) using radiotelemetric BP
measurements (n =6). e, f Dose-response curves for endothelium-dependent (e) and endothelium-indegendent relaxation (f) at different
times (1-4 days) after treatment with 36.4 mg/kg aflibercept (n=8; *P < 0.05 versus the saline group; "P < 0.05 versus the 4th day after
aflibercept treatment group). g Representative images of H&E staining of thoracic aortas. Wall thickness in each group (n = 6). The data are
presented as the mean + SEM; n represents the number of samples or mice; NS no significant difference; SBP systolic blood pressure; ACh

acetylcholine; SNP sodium nitroprusside.

L-arg prevents aflibercept-induced accumulation of ROS and
impairment of AKT/eNOS/NO signaling in cultured endothelial
cells

To identify the mechanisms by which L-arg protects against
aflibercept-induced vascular dysfunction and hypertension,
HUVECs were treated with L-arg (0.5 mM), and then stimulated
with aflibercept (50 nM) for 24 h. While L-arg did not affect NO
levels, aflibercept significantly reduced NO levels (as indicated by
DAF-FM staining) compared with the saline-treated control group.
Aflibercept-induced reduction in NO levels was markedly reversed
by the application of L-arg (Fig. 4a). Moreover, while L-arg had a
modest effect on ROS, the aflibercept-induced increase in ROS (as
indicated by DHE staining) was markedly reduced by L-arg (Fig. 4b).
Interestingly, aflibercept-induced increase in the expression levels
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of NOX1 and NOX4 was significantly blunted by L-arg (Fig. 4c, d).
Moreover, the dramatic aflibercept-induced decrease in the levels
of phosphorylated Akt (Ser473) and eNOS (at Ser1177) was also
rescued by L-arg (Fig. 4c, e). Surprisingly, the expression levels of
CAT-1 and the intracellular concentration of L-arg were significantly
decreased by aflibercept in HUVECs (Fig. 4c, f, g). The effects of
aflibercept on CAT-1 and the intracellular concentration of L-arg
were greatly attenuated by L-arg (Fig. 4f, g).

L-arg can prevent and treat aflibercept-induced hypertension and
vascular dysfunction in mice

To evaluate the long-term effect of aflibercept on BP, the mice were
randomly assigned into different groups: the mice, respectively, were
treated with saline, L-arg (1.0 g-kg™"-d™"), aflibercept (18.2 mg/kg),
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Fig. 2 A single dose of aflibercept results in NOX1/NOX4-mediated ROS accumulation and impairs AKT/eNOS/NO signaling.
a Representative images of DHE staining of aortic segments after injection of a single dose of 36.4 mg/kg aflibercept, and DHE fluorescence
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group). b Nitrotyrosine was assessed as an index of peroxynitrite (ONOO™) formation in aorta (n=7-8; *P <0.05 versus saline group).
¢ Immunoblotting analysis of NOX1 and NOX4 protein expression in the aorta before and after injection of 36.4 mg/kg aflibercept and protein
abundance from the experiments was shown (n = 4; *P < 0.05 versus the saline group; *P < 0.05 versus the 3rd day after aflibercept treatment
group). d, e Aflibercept significantly reduced NO Ievels in serum and aortic tissues (n =6 or 7; *P < 0.05 versus the saline group; *P < 0.05
versus the 4th day after aflibercept treatment group). f Aflibercept significantly increased ET-1 levels in serum (n =6 or 7; *P < 0.05 versus the
saline group). g Representative immunoblots showing VEGFR1 and VEGFR2 protein expression in the aorta; Protein expression levels of
VEGFR1 and VEGFR2 before and after aflibercept injection (n=4). h Representative immunoblots showing p-AKT (Ser473), AKT, p-eNOS
(Ser11 77) and eNOS expression in the aorta, and quantification of protein levels from the data were shown (n = 4; *P < 0.05 versus the saline
group; *P < 0.05 versus the 3rd day after aflibercept treatment group). The data are presented as the mean + SEM n represents number of
samples or mice; NS no significant difference; Akt protein kinase B; p-Akt phosphorylated Akt; eNOS endothelial nitric oxide synthase; p-eNOS
phosphorylated eNOS.

aflibercept (36.4 mg/kg), aflibercept (36.4 mg/kg) plus L-arg at two dependent manner (Fig. 5a and Supplementary Fig. 1c). The SBP
different doses (0.5 and 1.0 g-kg~' -d™"), or Ang Il infusion (served as data generated from radio-telemetry measurements showed the
a positive control) for up to 14 days. same results as those derived from tail-cuff measurements

The tail-cuff measurement data showed that aflibercept-treated (Fig. 5b-g). We next examined whether L-arg could decrease
mice displayed significant elevations in SBP and MAP compared aflibercept-induced hypertension using a protocol, in which the
with control group, in a similar pattern as that induced by Ang Il mice were administered aflibercept for 7 days followed by high
infusion (Fig. 5a and Supplementary Fig. 1c). Aflibercept-induced dose of L-arg. The data showed that the significant increases in
increase in SBP and MAP was significantly prevented by low-dose SBP and MAP induced by aflibercept were significantly inhibited
L-arg (0.5 g-kg ' -d™") and was completely reversed by high-dose by L-arg (1.0 g-kg™ ' -d "), suggesting that L-arg has a therapeutic
L-arg (1.0g-kg™'-d™"), suggesting that preapplication of L-arg effect on aflibercept-induced hypertension. Furthermore, long-
could prevent aflibercept-induced hypertension in mice, in a dose- term injection of low dose aflibercept led to an increase in BP with

Acta Pharmacologica Sinica (2021) 42:1437 - 1448 SPRINGER NATURE

1441



Aflibercept induces hypertension

ZC Dong et al.
1442
a A Control ~#L-arg (1.0 g-kg'-d"") b Control _
& Aflibercept OControl N [JL-arg
g 1304 SAflibercept + L-arg (0.5 g-kg'-d) S 15-
§ —FAflibercept + L-aig (1.0 g-kg-d™") é ,_#E
*
S 1201 = .
=] = 107 -E —
= =
SE 2 s
= £ 1101 = o 8
5E o 5
© = 54
2 1007 Q .g_
@ 15
o ) . , > 1 = sali 1 3Time (day)
i aline 1 3Tim
c o 1 2 3 # Fenmi(cha) Aflibercept (36.4 mglkg)
. 0 = 0-
_E s _5 & Control
S5 20- § 2 201 LAY
S = 38 B Aflibercept (day 1)
g 2 40 L 5 401 P4 Afibiercept + L-arg (day 1)
= § s § - Aflibercept (days 3)
E 5 601 * § = 60- W Aflbiercept + L-arg (days 3)
n's < °
S < 80 =R 801
100 T T T T r r ! 100 T T e 1
10* 10 107 10¢ 10 10+ 10° 10¢ __ 10° 10
Ach (mol/L) SNP (moliL)
e Sali Aflibercept (day 1) Aflibercept (day 3)
L-arg L-arg L-arg
Control (1.0g- kg 1-d-1) Control (1.0g-kg"-d"') Control (1.0g-kg"'-d")
=
=
‘S
5
7]
w
b o}
(=]
f O Control [ L-arg O Control [ L-arg
*

)

Relative DHE intensity
>
4 >
ap
0
Aortic ET-1 level (pglg)
PN
oofpo
oo !
D]hﬂwp]m

0.5 T T T 0 T —
Saline 1 3 Time (day) Saline 1 3Time (day)
Aflibercept (36.4 mg/kg) Aflibercept (36.4 mg/kg)

Fig. 3 L-arg supplementation prevents hypertension, impairment of EDR, ROS accumulation, and reduction in NO production induced
by a single dose of aflibercept. a SBP was measured by the noninvasive tail-cuff method in mice treated with saline or L-arg (0.5 or
1.0 g-kg~ ' -d™") before and after injection of a single dose of 36.4 mg/kg aflibercept (n = 6; *P < 0.05 versus the saline group; *P < 0.05 versus
the low-dose L-arg group). b Following injection of a single dose of aflibercept, NO Ievels in the aortic tissues were measured using a nitric
oxide assay kit in the presence or absence of L-arg (1.0g-kg™'-d™") on days 1 and 3 (n = 6; *P < 0.05 versus the saline group; *P < 0.05 versus
the L-arg group; %P < 0.05 versus the 1st day after aflibercept + L-arg treatment group; P< 0.05 versus the 3rd day after aflibercept + L-arg
treatment group). ¢, d Dose-response curves for endothelium-dependent (c) and endothelium- |ndependent relaxation (d) were constructed
on days 1 and 3 after 36.4 mg/kg aﬂlbercept injection in the presence or absence of L-arg (1.0g-kg~'-d™") (n= 7 or 8; *P < 0.05 versus the
saline group). e, f Representative images of DHE staining of aortic segments (e) and DHE ﬂuorescence intensity data demonstrating that
aflibercept-induced ROS accumulation was reversed by L-arg (f) ( = 5; *P < 0.05 versus the saline group; *P < 0.05 versus the L-arg group; P <
0.05 versus the 1st day after aflibercept + L-arg treatment group; °P < 0.05 versus the 3rd day after aflibercept + L-arg treatment group). g ET-1
levels in aortic tissues were measured after administration of a single dose of aflibercept on days 1 and 3 in the absence or presence of L-arg
(n=6; *P < 0.05 versus the saline group; P <0.05 versus the 1st day after aflibercept -+ L-arg treatment group; *P < 0.05 versus the 3rd day
after aflibercept + L-arg treatment group). The data are presented as the mean + SEM; n represents the number of samples or mice; NS no
significant difference.

the similar pattern as high-dose aflibercept, albeit to a lesser mg/kg) impaired EDR in the mouse aorta. The data showed that

extent (Fig. 6a and Supplementary Fig. 1d). while low-dose aflibercept injection did not affect endothelium-

Moreover, EDR in response to ACh was severely impaired in independent relaxation, it resulted in a slight, but significant
high-dose aflibercept-treated mice compared with saline-treated impairment of EDR (Fig. 6b, c). Consistently, we found that long-
control mice, and this impairment was markedly prevented by term injection of high-dose aflibercept led to a dramatic
low-dose L-arg and was reversed by high-dose L-arg (Fig. 5h). impairment of EDR in the mouse aorta; importantly, this
Aflibercept treatment did not significantly affect endothelium- preexisting aflibercept-induced impairment of EDR was dramati-
independent vasodilatation in response to SNP (Fig. 5i). We further cally improved by high-dose L-arg (1.0g-kg~'-d™") (Fig. 6b);
tested whether long-term injcetion of low-dose aflibercept (18.2 whereas endothelium-independent vasodilation was not signifi-
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Fig. 4 L-arg prevents against aflibercept-induced ROS accumulation and impairment of AKT/eNOS/NO in cultured endothelial cells.
a Green fluorescence observed by confocal microscopy in cells preloaded with DAF-FM representing intracellular NO levels, and integrative
fluorescence per image demonstrating that the aflibercept-induced reduction in NO levels was rescued by L-arg (n = 6; *P < 0.05 versus the
saline group; *P<0.05 versus the aflibercept group). b Representative DHE staining of HUVECs and DHE fluorescence intensity data
demonstrating that aflibercept-induced ROS accumulation was reserved by L-arg in each group (n = 6; *P < 0.05 versus the saline group; "P <
0.05 versus the aflibercept group). c-f Representative immunoblots showing NOX1, NOX4, p-AKT (Ser473), AKT, p-eNOS (Ser1177), eNOS, and
CAT-1 expression in HUVECs (c) and quantification of protein expression levels from the data shown in (d-f) (n = 4; *P < 0.05 versus the saline
group; %P <0.05 versus the L-arg group; *P<0.05 versus the aflibercept group). g The intracellular L-arg concentration in HUVECs was
measured by the L-Arginine Assay Kit, and the data showed that the aflibercept-induced decrease in intracellular L-arg was greatly attenuated
by extracellular L-arg supplementation (n=6; *P<0.05 versus the saline group; %P <0.05 versus the L-arg group; *P<0.05 versus the
aflibercept group). The data are presented as the mean + SEM; n represents the number of samples or mice.

cantly affected (Fig. 6¢). and NO levels were slightly but significantly increased by 1.0 g/kg

L-arg compared to the control (Fig. 7b, c). Hypertension causes
L-arg attenuates oxidative stress and the reduction in eNOS/NO structural remodeling of the arterial walls; therefore, we further
signaling induced by long-term application of aflibercept assessed whether long-term aflibercept treatment induced aortic

After aflibercept administration, the isolated mice aortas were remodeling. The histological staining (H&E and Masson’s staining)
stained with DHE to assess the levels of ROS under different data showed that long-term aflibercept treatment did not affect
experimental conditions. The data showed that ROS levels were aortic-wall thickness and fibrotic area in mice (Fig. 7d-f).
significantly increased in long-term aflibercept-treated mice com-

pared to both control or L-arg administered mice; this aflibercept-

induced accumulation of ROS was significantly attenuated by DISCUSSION

0.5 g/kg L-arg and reversed by 1.0 g/kg L-arg (Fig. 7a). Furthermore, The major findings of the present study are as follows: (1)
the long-term aflibercept-induced reduction of p-eNOS (Ser1177) aflibercept administration leads to NOX1/NOX4-mediated ROS
(Fig. 7b) and NO levels (Fig. 7c) was markedly elevated by L-arg, in accumulation; (2) aflibercept treatment results in an increase in ET-
a dose-dependent manner. It is noteworthy that the aortic p-eNOS 1 levels; (3) aflibercept impairs AKT/eNOS/NO signaling and EDR
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Fig. 5 Long-term application of aflibercept-induced hypertension and vascular dysfunction in mice. a The SBP of each group was
measured by the noninvasive tail-cuff method for up to 14 days; the data demonstrated that L-arg supplementatlon prevented the sustained
increase in SBP |nduced by long-term aflibercept injection (n = 7 or 8; *P < 0.05 versus the saline group; *P < 0.05 versus the aflibercept + low-
dose L-arg group; P < 0.05 versus the Ang Il group). b-g Representative SBP recordings from radiotelemetric BP measurements from WT mice
3 days before aflibercept treatment as a baseline (b) and from those admlnlstered L-arg, aflibercept and L-arg + aﬂlbercept showing the raw
data generated on the last 3 days (c-f), with Ang Il (490 ng-kg™'-min~") (g) as a positive control (n=6). h, i Dose-response curves for
endothelium-dependent (h) and endothelium-independent relaxation (i) were constructed on day 14 after injection of 36.4 mg/kg aflibercept
in the presence or absence of 0.5 or 1.0 g/kg L-arg (n =7 or 8; *P < 0.05 versus the saline group; "P < 0.05 versus the aflibercept + low-dose L-

arg group). The data are presented as the mean = SEM; n represents the number of samples or mice.

and thereby causes hypertension; (4) aflibercept leads to a
reduction in the intracellular levels of L-arg, which is associated
with decreased expression of CAT-1; (5) finally, the aflibercept-
induced effects on vasodilation and constriction signaling and BP
were significantly inhibited by L-arg supplement, in a dose-
dependent manner. This study thus provides novel evidence that
L-arg supplementation could be a promising approach to protect
against or treat aflibercept-induced hypertension.

Targeting the VEGF pathway has been a promising strategy for
treating a variety type of cancers and other disease associated
with pathological neovascularization [1, 34]. Currently, blockade of the
VEGF pathway can be achieved by many different means, including
blocking antibodies against VEGF or its receptors, soluble decoy

SPRINGERNATURE

receptors (SDRs) that prevent VEGF from binding to its normal
receptors, or tyrosine kinase inhibitors (TKls) of VEGFRs [35].
Aflibercept, a VEGF-Trap, is a fully human SDR protein constructed
by fusing the second lg domain of human VEGFR1 and the third Ig
domain of human VEGFR2 with the constant region (Fc) of human Ig
IgG1 [2]. Several clinical trials have revealed that the incidence of all
grade hypertension caused by aflibercept is in the range of 28%-48%,
and that the incidence of grades 3-4 hypertension is 10.2%-24.1%
[36-38]. Interestingly, BP elevation usually occurs within 24h of
starting VEGFI treatment, and BP decreases upon cessation of
VEGFI treatment [39]. However, for those patients with preexisting
hypertension, VEGFI may cause life threatening hypertensive crisis [5].

Acta Pharmacologica Sinica (2021) 42:1437 - 1448
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Fig. 6 L-arg ameliorates hypertension and vascular dysfunction induced by long-term application of aflibercept in mice. a The SBP of
each group was measured by the noninvasive tail-cuff method for up to 14 days; consistently, long-term high-dose application of aflibercept
led to a sustained increase in SBP, and this dramatic aflibercept-induced increase in SBP was greatly inhibited by L-arg supplementation on

day 7 (as indicated by the green arrowhead) (n

7; *P < 0.05 versus the saline group; *P<0.05 versus the low-dose aflibercept group).

b, ¢ Dose-response curves for endothelium-dependent (b) and endothelium-independent relaxation (c) were constructed on day 14 after
injection of 36.4 mg/kg aflibercept in the presence of absence of 1.0 g/kg L-arg on 8-14 days (n = 7; *P < 0.05 versus the saline group; *P < 0.05
versus the aflibercept group; %P < 0.05 versus the low-dose aflibercept group). The data are presented as the mean + SEM; n represents the

number of samples or mice.

Therefore, understanding the underlying mechanisms by which
aflibercept induces hypertension is clinically significant.

Here, we revealed that a single-dose of aflibercept resulted in
an acute increase in BP and impairment of EDR in response to
ACh. This impairment of EDR and hypertension induced by
a single dose of aflibercept-induced lasted for 4 days, albeit with a
trend of decay. In contrast, long-term aflibercept also resulted in a
rapid increase in BP; however, BP reached a peak rapidly and
remained at a constant level. However, neither mice treated with
aflibercept for a short-term nor long-term exhibited a change
in vascular-wall thickness and collagen deposition, suggesting that
no structural remodeling occurred during the time period of
2 weeks.

Previous studies have shown that VEGF binding to its receptors,
particularly VEGFR2, results in activation of the PI3K/Akt signaling
pathway and subsequently leads to the stimulation of NO release
via eNOS phosphorylation [40, 41]. Unsurprisingly, we found that
aflibercept, a VEGF-Trap, significantly decreased NO production by
inhibiting the phosphorylationof Akt (Ser473) and eNOS (Ser1177),
which resulted in impairment of EDR. On the other hand,
aflibercept significantly increased the aortic ET-1 levels. A possible
explanation for this result might be that the aortic ET-1 level was
increased due to aflibercept-induced lack of NO bioavailability in
aortic arteritis.

In addition, previous studies have demonstrated that L-NAME, a
NO synthase inhibitor, can not only upregulate pre-pro-ET-1
mRNA, but also significantly inhibit the release of soluble
endothelin converting enzyme-1, resulting in an increase in ET-1
level [42, 43]. Moreover, an increase in ET-1 level impairs
endothelial NO production by inhibiting eNOS expression
[44, 45]. In support of our findings, clinical and experimental
studies have shown that sunitinib, a multitarget TKI of the VEGF
receptor, could significantly increase circulating ET-1 levels [46].

Acta Pharmacologica Sinica (2021) 42:1437 - 1448

We and others have shown that endothelial dysfunction is
associated with oxidative stress [27, 47]. In this study, we observed
that aflibercept significantly increased ROS and peroxynitrite
generation through promoting the protein expression of NOX1
and NOX4. Consistent with our results, recent studies have shown
that exposure of endothelial cells to microparticles generated from
VEGF inhibitor-treated cancer patients also led to an increase in
pre-pro-ET-1 mRNA expression and NADPH-dependent O, gen-
eration in human aortic endothelial cells [48]. This is not surprising,
because ET-1 increases the protein levels of NOX1 and NOX4 in
vascular smooth muscle cells of Wistar-Kyoto rats [49]; moreover,
the data from our group and others suggest that excessive
accumulation of ROS might further reduce the bioavailability of
NO, and may also affect eNOS expression [27, 50, 51]. Together,
this evidence suggests that aflibercept induced the impairment of
EDR and the increase in BP not only by reducing eNOS
phosphorylation and NO production in ECs, but also by promoting
ROS generation due to increasing the ET-1 levels in aortic arteries.

As a conditionally essential amino acid, L-arg, the substrate of
eNOS, the main precursor of NO and an ET-1 suppressor [52], can
also improve eNOS function by restoring eNOS phosphorylation
[41, 53]. A previous study has shown that L-arg administration can
suppress ROS generation by promoting an endogenous antiox-
idant response [54]. The data obtained from the present study
demonstrated that the effects of aflibercept on the production of
NO and ET-1, eNOS phosphorylation and NOX1/NOX4-mediated
increase in the ROS generation were greatly attenuated by a high
dose of L-arg. Importantly, a high dose of L-arg completely
reserved the aflibercept-induced increase in BP and impairment of
vascular function. Therefore, we did not perform additional
experiments to test whether L-arg combined with antioxidative
treatment could provide a better protection than L-arg alone.
However, we cannot rule out the possibility that L-arg together

SPRINGER NATURE
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Fig. 7 L-arg prevents oxidative stress and the reduction in eNOS/NO signaling induced by long-term application of aflibercept.
a Representative images of DHE staining of aortic segments after injection of a single dose of 36.4 mg/kg aflibercept in the presence or
absence of L-arg and the fluorescence |nten5|ty data demonstrating that aflibercept-induced ROS accumulatlon was greatly attenuated by L-
arg (n = 6; *P < 0.05 versus the saline group; *P < 0.05 versus the aflibercept + low-dose L-arg group; &p < 0.05 versus the aflibercept + high-
dose L- arg group). b Representative immunoblots showing p-eNOS (Ser1177) and eNOS expression in aortic tissues and quantification of
protem abundance demonstrating that the aflibercept-induced decrease in p-eNOS was amellorated by L-arg (n = 4; *P < 0.05 versus the saline
group; *P < 0.05 versus the L-arg group; *P < 0.05 versus the aflibercept + low-dose L-arg group; %P < 0.05 versus the aflibercept + high-dose L-
arg group). ¢ NO levels in aortic tissues were measured by the Nitric Oxide Assay Kit on day 14 in the absence or presence of L-arg following
aﬂlbercept injection (n = 6; *P < 0.05 versus the saline group; *P < 0.05 versus the L-arg group; #P < 0.05 versus the aflibercept + low-dose L-arg
group; ¥P <0.05 versus the aflibercept + high-dose L-arg group). d-f Representative lmages of H&E staining of thoracic aortas (d); Wall
thickness data (e) and the percentage of the fibrotic area in each indicated group (n=6) (f). The data are presented as the mean * SEM;
n represents number of samples or mice; NS no significant difference.

with antioxidative treatment may exert a better protective effect
on aflibercept-induced impairment of vascular dysfunction and
hypertension. Moreover, we found that aflibercept-induced
impairment of vascular relaxation and hypertension was partially
reversed by high dose L-arg, administered 7 days after aflibercept
injection. These data, along with the preventive effects of L-arg on
aflibercept-induced hypertension, suggest that L-arg supplemen-
tation could be clinically significant for both the prevention and
treatment of aflibercept-induced impairment of vasodilation and
hypertension.

It has been reported that overexpression of soluble FMS-like
tyrosine kinase 1 (sFlt-1, which prevents VEGF binding to VEGFR2)

SPRINGERNATURE

in virgin and pregnant mice significantly decreased the protein
expression of CAT-1 in mice with pregnancy-associated hyperten-
sion and that administration of L-arg alleviated the increase in BP
in sFIt-1 pregnant mice [55]. Our data showed that aflibercept led
to a decrease in the expression levels of CAT-1 and intracellular L-
arg concentration and that these effects were reversed by L-arg
supplementation. Our results are consistent with the notion that
preventing VEGF form binding to its receptor is associated with a
decrease in CAT-1 expression, although the mechanisms must be
further elucidated. In addition, it has been shown that treatment
of the HUVECs with VEGF significantly increase CAT-1 abundance
[56]. Thus, we suggest that the decreased NO bioavailability due to
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the inhibition of CAT-1 may also contribute to aflibercept-induced
hypertension. Furthermore, it has been shown that ROS inhibit L-
arg transport in anococcygeus muscle [57] and that an increase in
ROS may account for cyclosporine A-induced inhibition of CAT-1
protein expression. Thus we argue that ROS accumulation may
also be involved in aflibercept-induced decrease in CAT-1
expression.

The best way to assess endothelial function is evaluation of the
mesenteric arteries since resistant arteries are important for BP
control. Because of technique limitations, we used mouse aortic
arteries to examine the effects of aflibercept and L-arg on
vasodilation function, which is a weakness of the current study.
However, our results obtained from aortic arteries could indirectly
reflect the relaxation of resistant artery. Nevertheless, we conclude
that aflibercept causes impairment of endothelial function and
hypertension, associated with inhibition of CAT-1/Akt/eNOS/NO
signaling, increased ET-1 levels, and NOX1/NOX4-mediated ROS
accumulation. Importantly, L-arg supplementation significantly
attenuated and/or inhibited aflibercept-induced impairment of
vascular function and hypertension by diminishing the effects of
aflibercept on vasodilatation, vasoconstriction and ROS signaling.
Taken together, these findings strongly suggest that L-arg
supplementation might be a promising strategy for preventing
and treating aflibercept-induced hypertension.
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